Abstract. Conotruncal defects (CTDs) account for ~30% of all types of congenital heart disease and contribute to increased morbidity and mortality rates. Increasing evidence suggests that genetic risk factors are involved in the pathogenesis of CTDs. Mutations in a number of genes, including the TBX1 gene that codes for a T-box transcription factor essential for normal cardiovascular development, may contribute to the development of CTD. CTDs are genetically heterogeneous and the genetic defects responsible for CTDs in the majority of patients remain unknown. The present study sequenced the coding regions and splicing junction boundaries of TBX1 in 136 patients with CTDs and 300 matched healthy individuals. The disease-causing potential of the identified TBX1 sequence variation was evaluated using MutationTaster, PolyPhen-2, SIFT and PROVEN software. The functional characteristics of the mutant TBX1 gene were defined using a dual-luciferase reporter assay system. A novel heterozygous TBX1 mutation, p.S233Y, was identified in a patient with transposition of the great arteries (TGA) and a ventricular septal defect. This mutation was absent in the 300 controls and altered the amino acid produced, serine, which is evolutionarily conserved across several species, and was predicted to be pathogenic in silico. Luciferase assays conducted in COS-7 cells demonstrated that the newly identified TBX1 mutation was associated with significantly diminished transcriptional activation of the ANF promoter compared with the wild-type TBX1. To the best of our knowledge, the present study is the first to associate a TBX1 loss-of-function mutation with enhanced susceptibility to TGA, which adds significant insight to the molecular mechanism of TGA.
Introduction
Congenital heart disease (CHD) is the most common birth defect in humans. It occurs in ~1% of live births and accounts for ~30% of birth defect-related mortalities (1) . Conotruncal heart defect (CTD), a subset of serious and relatively common CHD, is defined as a defect of the cardiac outflow tracts or great arteries and includes tetralogy of Fallot (TOF), transposition of the great arteries (TGA), persistent truncus ateriosus, interrupted aortic arch (IAA), double outlet right ventricle (DORV), ventricular septal defect (VSD) and pulmonary atresia (PA) (2) . It is estimated that CTD occurs in 1 out of every 1,000 live births, accounting for ~1/3 of all CHD cases. If surgery to repair CTD is not performed, patients experience a reduced quality of life, decreased performance during exercise and delayed brain development. CTD may also induce pulmonary hypertension, cardiac enlargement, ventricular dysfunction, heart failure, cardiac arrhythmia and even sudden mortality (2) (3) (4) . Advances in therapeutic strategies to treat patients with CTD have resulted in more neonates with CTD surviving into adulthood; however, morbidity and mortality rates remain high in such survivors (5) (6) (7) (8) . CTD induces a heavy economic burden on patients' families and health care systems and this socioeconomic burden is anticipated to increase in the future due to increasing survival rates of neonates with CTD TBX1 loss-of-function mutation contributes to congenital conotruncal defects and a consequent increase in the number of adults living with CTD (9) . Therefore, the etiology underlying CTD requires elucidation. Previous studies have established the important role genetic risk factors serve in the pathogenesis of CTD (10) (11) (12) (13) (14) (15) . The 22q11 deletion syndrome (22q11DS), also known as DiGeorge syndrome, is a chromosomal abnormality responsible for ~12% of conotruncal malformations (16) (17) (18) (19) (20) (21) . Furthermore, mutations in a number of genes, particularly those encoding cardiac transcriptional factors, including NKX2-5, NKX2-6, GATA4, GATA5, GATA6, PITX2, HAND2, TBX5 and TBX20, are associated with CTD . However, these CTD-associated genes are uncommon causes of CTD (44) , and in the majority of patients, the genetic defects underpinning CTD remain unknown.
TBX1 is a member of the T-box family of transcription factors that share an evolutionarily conserved DNA-binding domain. It serves a crucial role in cardiovascular morphogenesis, particularly in elongating the cardiac tube at the anterior pole and maintaining the proliferation of mesenchymal precursor cells for the formation of a myocardialized and septated outflow tract (45) . The expression of TBX1 varies spatiotemporally in the tissues that form the pharyngeal apparatus, which develops into the heart during embryogenesis (46) . Genetic studies in mice have demonstrated that TBX1 expression during embryogenesis requires specific regulation and in patients with 22q11DS, it has been observed that increases or decreases in TBX1 transcript levels may result in developmental malformations (46) (47) (48) (49) . Furthermore, in vivo studies have identified that TBX1 is a candidate gene for 22q11DS (48) (49) (50) . Heterozygous TBX1-null mice exhibit cardiac, craniofacial, thymic and parathyroid deformities, similar to those observed in patients with severe 22q11DS (50) (51) (52) . In addition to syndromic CTD, TBX1 mutations have been causally linked to non-syndromic CTD in humans, including isolated TOF, VSD, PA, DORV, IAA and aortic arch anomalies (4, (53) (54) (55) . However, the prevalence and spectrum of TBX1 mutations in patients with other forms of non-syndromic CTD remain unknown. The aim of the present study was to evaluate the prevalence and spectrum of TBX1 mutations in a cohort of patients with isolated CTD and characterize the functional effect of an identified TBX1 mutation associated with CTD. (54, 55) and samples with deletions were excluded from further analysis. During a period from September 2014 to January 2016, a total of 300 healthy individuals (178 male, 122 female; median age, 2.4 years old), matched with the patients in age, sex and ethnicity, were enrolled as controls from the above-mentioned institutions where the CTD patients were recruited. The normal cardiac morphology of these controls was confirmed using transthoracic echocardiography.
Patients and methods

Study
The present study was performed in accordance with the ethical principles of the Declaration of Helsinki. The study protocol was approved by the Ethics Committee of Tongji Hospital, Tongji University School of Medicine [Shanghai, China; ethical approval no. LL(H)-09-07)] and written informed consent was obtained from the parents of each participant prior to the study.
Genetic analysis.
Peripheral venous blood samples were taken from all participants and the genomic DNA was extracted from leukocytes using the Wizard Genomic DNA Purification kit (Promega Corporation, Madison, WI, USA) following the manufacturer's instructions. The referential genomic DNA sequence of TBX1 was derived from GenBank (accession no. NC_000022.11) using the National Center for Biotechnology Information (NCBI; http://www.ncbi.nlm.nih.gov/nucleotide/). The intronic primers used for the amplification of the coding exons and flanking introns of TBX1 in the polymerase chain reaction (PCR) were designed as previously described (4). The primers were as follows: Coding exon 1 forward, 5'-GAC GCC ATA ATC CTC TGG GC-3' and reverse, 5'-AAG AGC TGC CTC CAC CTA CT-3'; coding exon 2 forward, 5'-GTC ATG ATC TCC GCC GTG TC-3' and reverse, 5'-GAA CAG CGA AGG AGG CAG CG-3'; coding exon 3 forward, 5'-AGG GCG AGG CCG AGT TTA TG-3' and reverse, 5'-ACG ACC CTT GGA GTT GGG TC-3'; coding exon 4 forward, 5'-GGC ACT TTT AGG GTT CGC CC-3' and reverse, 5'-TCT CCT CAT CGG CAC ACC AG-3'; coding exon 5 forward, 5'-GAG TCC AGG CCA GTG AGG TC-3' and reverse, 5'-CCG CTT TTC CAG AGG CGT TG-3'; coding exons 6 and 7 forward, 5'-TGG TGC GCT TCT CCT AAC ACT-3' and reverse, 5'-CTC CGA CGC CCC ATG CGA GG-3'; coding exon 8A forward, 5'-CCC TGA TCC GAC GTC TTT CC-3' and reverse, 5'-AAC ACG ACA ACT CCA TGT GC-3'; coding exon 8B forward, 5'-CTG AGT GGG TGC ACA CTG GA-3' and reverse, 5'-AGG GCT GGA GGA TTC GCT TC-3'; and coding exon 8C forward, 5'-ACT TGG GGT CTC GGG CAC GC-3' and reverse, 5'-CGA ACT TCG GGG CTG TGC AG-3'. PCR was performed using HotStar Taq DNA Polymerase (Qiagen GmbH, Hilden, Germany) on a Veriti Thermal Cycler (Applied Biosystems; Thermo Fisher Scientific, Inc., Waltham, MA, USA). The PCR program used was as follows: Initial pre-denaturation at 95˚C for 15 min, followed by 35 cycles of denaturation at 94˚C for 30 sec, annealing at 62˚C for 30 sec and elongation at 72˚C for 1 min, with final elongation at 72˚C for 6 min. Samples were subsequently cooled down to -4˚C. The amplified products were fractionated on a 2% agarose gel by electrophoresis and purified using the QIAquick Gel Extraction kit (Qiagen GmbH). The amplicons were sequenced on an ABI PRISM 3130 XL DNA Analyzer (Applied Biosystems; Thermo Fisher Scientific, Inc.) using BigDye ® Terminator v3.1 Cycle Sequencing kits (Applied Biosystems; Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol. To determine any sequence variance, bi-directional re-sequencing of an independent PCR-generated amplicon from the same subject was performed. Additionally, the Human Gene Mutation Database (HGMD; http://www.hgmd. cf.ac.uk/), the NCBI's Single Nucleotide Polymorphism (SNP; http://www.ncbi.nlm.nih.gov/snp) database and the PubMed Database (http://www.ncbi.nlm.nih.gov/pubmed) were used to confirm that any identified sequence variances were novel.
Alignment of multiple TBX1 protein sequences across species.
To evaluate evolutionary conservation in the altered amino acid, human TBX1 amino acid sequences were aligned with those in several other species, including dogs, mice, chimpanzees, zebrafish, rats, worms and frogs, using the HomoloGene and Show Multiple Alignment links on the NCBI's web site (http://www.ncbi.nlm.nih.gov/homologene).
Prediction of the disease-causing potential of a TBX1 sequence variation. MutationTaster (http://www.mutationtaster.org), PolyPhen-2 (http://genetics.bwh.harvard.edu/pph2), SIFT (http://sift.jcvi.org) and PROVEN (http://provean.jcvi. org/index.php) were used to predict disease-causing potential of a TBX1 sequence variation. Each alteration was automatically given a pathogenic or benign probability score.
Expression plasmids and site-directed mutagenesis. The recombinant expression plasmid TBX1-pcDNA3.1, which contains the full-length complementary DNA of the human TBX1 isoform C and the 4XT-luc reporter vector, which contains four conserved T-half sites 'ATTTCACACCT' and expresses Firefly luciferase, were constructed as previously described (4). The mutant TBX1-pcDNA3.1 plasmid was produced with PCR-based site-directed mutagenesis using a QuickChange II XL Site-Directed Mutagenesis kit (Stratagene; Agilent Technologies, Inc., Santa Clara, CA, USA) according to the manufacturer's protocol and a complementary pair of primers (forward, 5'-ACA TTA TTC TGA ATT ACA TGC ACA GAT ACC A-3' and reverse, 5'-TGG TAT CTG TGC ATG TAA TTC AGA ATA ATG T-3'), using the wild-type TBX1-pcDNA3.1 as a template. The PCR thermal cycling conditions used were as follows: Initial denaturation at 95˚C for 1 min, followed by 18 cycles of denaturation at 95˚C for 50 sec, annealing at 60˚C for 50 sec and extension at 68˚C for 7 min, with final extension at 58˚C for 10 min. The mutant TBX1 was selected using restriction enzyme DpnI and confirmed by direct PCR-sequencing.
Cell culture and reporter gene analysis. The COS-7 cells (Cardiovascular Research Laboratory, Shanghai Chest Hospital, Shanghai, China) were maintained in Dulbecco's modified Eagle's medium (Gibco; Thermo Fisher Scientific, Inc.) supplemented with 10% fetal bovine serum (Invitrogen; Thermo Fisher Scientific, Inc.) in 5% CO 2 at 37˚C. A total of 1.5x10 5 cells/well were plated in a 6-well plate. Cell transfections were performed using the Lipofectamine ® 2000 reagent (Invitrogen; Thermo Fisher Scientific, Inc.), following the manufacturer's protocol. All transfections were performed in triplicate. pGL4.75 (hRluc/CMV; Promega Corporation), which expresses Renilla luciferase, was considered to be the internal control vector and was used to normalize transfection efficiency. COS-7 cells at ~90% confluence were transfected with 0.4 µg wild-type or mutant TBX1-pcDNA3.1, in combination with 
Results
Clinical features of the patients.
In the present study, 136 children with isolated CTD (80 male, 56 female; median age, 2.3 years old) were clinically evaluated in comparison with 300 sex-age-and ethnically-matched, unrelated healthy individuals (178 male, 122 female; median age, 2.4 years old). All subjects were negative for the 22q11.2 microdeletion and no individuals exhibited any extracardiac anomalies or features suggestive of 22q11.2DS. Of the 136 patients with CTD, 15 (~11%) had a family history of CHD. There was no recorded family history of CHD in any of the controls. Echocardiograms indicated that the control subjects were physically healthy and did not have any structural cardiac diseases. Furthermore, there were no significant differences between the patient and control groups in demographic characteristics including age, sex and ethnicity (data not shown). The proportion of various types of congenital CTD in the patients is indicated in Table I .
Detection of a TBX1 variation in CTD.
Direct DNA sequencing led to identification of a heterozygous mutation in TBX1 in 1 of the 136 patients with CTD. Specifically, a substitution of adenine (A) for cytosine (C) in the second nucleotide of codon 233 (c.698C>A) was detected in a 6-month-old boy affected by congenital TGA and VSD with no family history of CHD. This was equivalent to the transversion of serine (S) into tyrosine (Y) at amino acid position 233 (p.S233Y). Physical examination of the mutation carrier was normal and the subject presented without apparent extracardiac abnormalities. The missense mutation was not detected in either of the boy's parents, who did not possess any physical abnormalities, implying this was a de novo mutation. The sequence chromatograms indicating the heterozygous TBX1 mutation of c.698C>A and its control sequence are presented in Fig. 1A . Fig. 1B presents a schematic drawing of TBX1, revealing the structural domains and the location of the detected mutation. The identified TBX1 variation c.698C>A was absent in the 300 controls and other 135 CTD patients, and was not found in the HGMD, SNP and PubMed databases (last accessed on March 11, 2016), suggesting that this was a novel mutation.
Conservative assessment of the altered amino acid. Alignment of multiple TBX1 protein sequences across species revealed that the altered serine at amino acid position 233 (p.S233) was completely evolutionarily conserved (Fig. 2) . This assessment suggests that TBX1 may serve an important functional role in CTD.
Disease-causing potential of the detected TBX1 sequence variation. The TBX1 sequence variation c.698C>A was predicted to be disease-causing by MutationTaster, (P=1.000). Furthermore, the resultant amino acid substitution p.S233Y was predicted to be damaging by PolyPhen-2 (with a score of 1.000; sensitivity, 0.00; specificity, 1.00), damaging by SIFT (with a SIFT score of 0) and deleterious by PROVEN (with a PROVEN score of -5.70). These findings support that the mutation may predispose the development of CTD. Fig. 3 , dual-luciferase assays revealed that the same quantity (0.4 µg) of wild-type and S233Y-mutant TBX1 activated the 4XT promoter by ~4-and ~1-fold, respectively (0.4 µg wild-type TBX1 vs. 0.4 µg S233Y-mutant TBX1: t=6.51501, P<0.003; Fig. 3 ), whereas 0.2 µg wild-type TBX1 in combination with 0.2 µg S233Y-mutant TBX1 only activated the 4XT promoter by ~2-fold (0.4 µg wild-type TBX1 vs. 0.2 µg wild-type TBX1 plus 0.2 µg S233Y-mutant TBX1: t=6.04274, P<0.004; Fig. 3 ). These results suggest that the S233Y-mutant TBX1 significantly reduces transcriptional activity. However, 0.2 µg wild-type TBX1 alone induced the activation of the 4XT promoter by ~2-fold, similar to that of TBX1 plus S233Y (0.4 µg wild-type TBX1 vs. 0.2 µg wild-type TBX1: t=4.22682, P=0.01340; 0.2 µg wild-type TBX1 vs. 0.2 µg wild-type TBX1 plus 0.2 µg of S233Y-mutant TBX1: t=-1.50844, P=0.20590). The present findings suggest the activity of TBX1 is dose-dependent.
Diminished transcriptional activity of the mutant TBX1 protein. As indicated in
Discussion
In the present study, a cohort of patients with CTD that did not possess 22q11.2 deletions were screened for rare genetic variants in all coding exons and splicing junctions of TBX1 by sequencing. A novel heterozygous mutation, p.S233Y, was identified in a patient with isolated TGA and VSD. This missense mutation, which was absent in 600 reference chromosomes, altered an amino acid that was evolutionarily conserved across several species. The mutation was predicted to be disease-causing by MutationTaster, PolyPhen-2, SIFT and PROVEN. Biological analyses revealed that the S233Y-mutant TBX1 protein was associated with significantly diminished transcriptional activity. Therefore, it is likely that the identified TBX1 mutation may have induced TGA and VSD in the carrier.
The T-box genes code for a large family of transcription factors that are characteristic of a highly conserved DNA-binding motif referred to as the T-box (45). The T-box recognizes and binds to specific DNA elements in the promoters of target genes and mediates the transcriptional activation or inhibition of downstream genes (45) . The T-box domain is also a conserved protein-protein interaction domain for other transcription factors, chromatin remodeling complexes and histone-modifying enzymes (45) . As a core member of the T-box gene family, TBX1 is mapped on human chromosome 22q11.21, the center of the 22q11DS chromosomal region and codes for a protein that is made up of 495 amino acids (4). Based on experimental evidence from animal models, TBX1 is expressed in the secondary heart field during embryogenesis and functions in a combinatorial or hierarchical fashion to regulate the proliferation of mesenchymal precursor cells, which is required for normal cardiovascular development, particularly for the development of a myocardialized and septated outflow tract (45) . In the present study, the TBX1 mutation was identified in a patient with CTD was located within the T-box and was thus expected to decrease transcriptional activity, potentially by affecting TBX1-DNA interaction. This expectation was in accordance with the experimental data, which indicated that the mutant exhibited significantly reduced transactivation activity. This diminished transcriptional activation supports a previous hypothesis that normal cardiovascular development is particularly susceptible to differences in TBX1 activity and a hypomorphic allele may predispose non-syndromic CHD (54) .
In humans, TBX1 haploinsufficiency is the etiology responsible for 22q11DS, a clinical syndrome with a varied phenotypic spectrum, including thymic hypoplasia, congenital cardiac defects, facial dysmorphisms, velopharyngeal insufficiency with or without cleft palate and immune deficiency (20) . However, an increasing number of TBX1 (54) screened TBX1 in 93 TOF probands with had no known chromosomal abnormalities or other recognized syndromes. Two non-synonymous mutations in two probands, including the amino acid substitution p.G39S in a proband with TOF and the in-frame amino acid deletion p.P43_P61del in a proband with TOF as well as a right-sided aortic arch were identified, with a mutational prevalence of ~2.15%. In the dual-luciferase assay, the G39S-mutant TBX1 protein indicated no significant difference in transcriptional activity compared with wild-type TBX1, whereas the P43_P61-deletious TBX1 protein exhibited a significant reduction in transcriptional activity compared with wild-type TBX1 (54) . By sequencing the TBX1 gene in 199 non-22q11.2 deletion patients with CTD, Xu et al (55) identified the de novo missense mutation p.E129K in a patient with PA, VSD and patent ductus arteriosus, with a mutational prevalence of ~0.50%.
In vitro experiments have demonstrated that the E129K-mutant TBX1 protein exhibits severely decreased transactivation activity. Pan et al (4) sequenced the coding exons and flanking introns of the TBX1 gene in 230 unrelated children with CHD and detected a novel heterozygous mutation, p.Q277X, in an index patient with DORV and VSD, with a mutational prevalence of ~0.43%. The index patient had a family history of CHD and genetic analysis indicated that the mutation co-segregated with VSD transmitted in an autosomal dominant pattern with complete penetrance. Biochemical analysis revealed that Q277X-mutant TBX1 lost transcriptional activating function when compared with its wild-type counterpart (4) . Taken together, these results, together with those of the present study, support that genetically compromised TBX1 confers an enhanced susceptibility of CTD in a minority of cases.
There were certain limitations in the present study. Firstly, only the coding exons and exon-intron boundaries of the TBX1 gene were sequenced. Due to the important role of non-coding regions (promoter regions and regulatory elements) in gene expression, further studies are required to examine the association between sequence variants in non-coding regions and the pathogenesis of CTD. Secondly, non-syndromic CTD has a complex etiology that likely includes multiple genes. Therefore, in-depth exome sequencing studies are required identify novel culprit genes that may increase embryonic susceptibility to the development of CTD. Furthermore, not all aspects of the functional characteristics of the identified TBX1 mutation have been delineated. Further investigations are required to more comprehensively define the functional roles of the TBX1 mutation, including functional analyses of the ability of the mutant TBX1 protein to bind to target DNA, nuclear localization of the mutant TBX1 protein and the synergistic activation of target genes by the mutant TBX1 protein and its transcriptionally cooperative partners.
In conclusion, to the best of our knowledge, the present study was the first to identify an association between the TBX1 loss-of-function mutation and increased vulnerability to TGA. Furthermore, it provided an insight into the underlying molecular mechanism involved in TGA. The results of the present study suggest potential implications for molecular diagnosis and genetic counseling of patients with TGA.
